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Abstract. "Numerical Precision is the very soul of science" (D'Arcy Thompson, "On 
Growth and Form") 
"Insofar as quantum mechanics is correct, chemical questions are problems in 
applied mathematics." (Eyring, Walter, and Kimball, "Quantum Chemistry") 
"A picture is worth more than a thousand words." (Chinese proverb) 
While computer-aided numerical modeling of chemical phenomena has made an enormous im- 
pact on some branches of chemistry, most chemists think primarily in pictorial images 
rather than numerical or algebraic relations. Bonding theory in the Perturbation-Molec- 
ular-orbital (PMO) model is predominantly a qualitative, pictorial transcription of a 
very elaborate numerical model, the molecular orbital theory. We describe two typical 
applications. 
The non-numerical expression of chemical structure built into the "structural diagram" 
can be incorporatedlntocomputer models of chemical systems. The LISP program SKETCHPAD 
illustrates this point. 
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INTRODUCTION 
Numerical models for chemistry at the 
molecular scale have become more power- 
ful and widespread as computational tech- 
nology has developed (QCPE, 1986). In- 
creasingly, questions of scientific and 
public significance have been addressed 
with the aid of these numerical simula- 
era of natural systems. The advantages 
of computer-aided numerical modeling are 
well known (Meadows, et. al., 1982; Tri- 
ndle, 1984). Besides the possibility of 
dealing with large systems and huge a- 
mounts of data, such modeling has con- 
ceptual advantages. These include: (1) 
Each entity considered significant is ex- 
plicitly recognized as a variable in the 
model; (2) The mutual influence of enti- 
ties is given unambiguous form In the 
computer code; (3) All quantitative re- 
lations must be given explicit express- 
ion, and may in principle be tested, re- 
fined, or discarded. 
A numerical model is limited in value 
when so much data (or theoretical in- 
sight) is lacking that the model cannot 
be defined fully or tested in any mean- 
ingful way. Complex models are difficult 
to verify even when they are well defined 
and simple models may be unable to cap- 
ture essential features of real systems. 
But despite these drawbacks numerical 
modeling has transformed many branches 
of science - chemistry not least. 
The increasing popularity and power of 
numerical modeling has obscured the sig- 
nificance of the traditional mode of 
chemical reasoning, which is primarily 
pictorial and graphic. To the extent 
that numbers enter the daily discourse 
of,chemists, it is as counting rules 
such as the Huckel and Mobius rules for 
aromatlcity (Zimmennann. 1966). Walsh's 
rules for the geometry of small mole- 
cules (Walsh, 1953), and Wade's rules for 
the structure of boron and other clusters 
(Wade, 1976; O'Neill and Wade, 1982). 
More typical still of chemical reasoning 
are purely geometric constructs such as 
the Gillespie-Nyholm rules for molecular 
structures (Gillespie and Nyholm, 1957; 
Gillespie, 1970). and the topological 
guides to chemical behavior such as the 
isoelectronic principle (Bent, 1966) or 
the isolobal principle (Albright, et. al., 
1985). These offer not numeric precision 
but a kind of accumulated wisdom based on 
profound analogies. They are the way that 
results of very detailed numerical models 
of molecules are understood by the vast 
majority of chemists. 
In the following discussion I will make 
reference to the qualitative theories and 
models of bonding based on the molecular 
orbital theory (Borden, 1975). While the 
molecular orbital theory is capable of 
very detailed predictions, chemists prefer 
to interpret these results by the PM0 the- 
ory, which is very close to the chemist's 
natural analogic style of thought. I'll 
describe two examples of how PMO-based 
numerical computer models assist the 
analysis of chemical processes, and will 
shov how the least numerical of all mo- 
lecular theories, the "structural formu- 
la", can be incorporated into a computer 
model. 
PM0 MODELING: CASE I, OKAZOLONE REACTIONS 
We summarize briefly some experimental 
data which require explanation (King. 
1982). Structures are presented in Fig. 1. 
Treating unsaturated dipeptide oxazolones 
la, E with the base triethylamine in 
methanol produces a complex mixture of 
products. However the base N,N-dimethyl-4- 
aminopyridine (DMAP) catalyses a very 
rapid conversion of 1 into the esters 2. 
The catalysis is effective for 2 and ti 
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FIG. 1. Structures for Discussion 
of DMAP Catalysis 
in which X is oxygen atom, hut not for the thia (X 
= Sulfur) analog 3. DMAP also catalyzes the inter- 
conversion of E-azlactone into its 2 isomer; that 
is, if A = Hydrogen and B = Phenyl, DMAP will ease 
the exchange of A with B. How ce" DMAP have such 
specific effects? PM0 calculations can explain this 
otherwise mysterious behavior. 
The PM0 model begins with the Huckel MO theory 
(Heilbroner and Brock, 1976) which requires no more 
than a" expression of which atoms are connected in 
the "pi-system". The connectivity matrix has eigen- 
values which correspond to the possible energies of 
each electron, and eigenvectors (the MOs) 
which describe possible distributions of 
the electron within the molecule. The "pi- 
electrons" described in this way are the 
most reactive, mobile electrons and will 
dominate chemical behavior. Energies for 
bound electrons are by convention negative 
as is the conventional unit in which the 
energies are expressed; see Table 1 for 
typical results. The simplest Huckel model 
does not distinguish carbon from non-car- 
bon atoms. The effect of the replacement 
of some carbons by other "hetero" atoms 
can be described semiquantitatively by 
perturbation theory, which provides a se- 
quence of corrections to the reference 
systems. These shifts are show" in Table 
1 for oxazolone and DUAP. 
TABLE 1. Pi Energy Levels 
0XaZOlO"e DMAP 
Hydrocarbon Hetero Hetero Hydrocarbon 
-2.00 -1.98 -2.08 -2.10 
-1.68 -1.68 -1.21 -1.26 
-0.54 -0.50 -1.00 -1.00 
+O.oo +0.08 +0.07 +o.oo 
+1.00s.a +1.03a +1.00 +1.00 
+1.05s +1.31 +1.26 
+2.21 +2.25 +2.12 +2.10 
The energy levels are show" for oxazolone 
and DMAF'. The unit of energy is the "res- 
onance integral" representing the stabil- 
ization of a pi electron between two neigh- 
boring carbon atoms, a" intrinsically neg- 
ative number. Oxazolone and DMAP each have 
eight pi electrons which are assigned in 
pairs to the positive-signed levels. 
How will DMAP interact with oxazolone? 
The PM0 model emphasizes that the attract- 
ive interactions between two molecules 
are dominated by electrons which are most 
weakly held by one member (A) and the most 
accessible state for electrons offered by 
the other (B). The former electrons occu- 
py the highest-energy filled MO for A, the 
A-HOMO. The most accessible state for B is 
the lowest-energy unfilled MO on B, the 
B-LUMO. According to PM0 theory the mole- 
cules will orient themselves so that the 
signs of the A-HOMO will match the signs 
of the B-LIJMO. Fig. 2 shows the pattern 
of signs and the preferred orientation. 
The pi interaction energy according to the 
second qrder pettulbation theory is V - 
0.033 a + 0.661 b . Here a and b are 
parameters reflecting the strength of in- 
teraction as indicated in Fig. 2. One 
plausible alternative arrangement places 
the N,N - dimethylamino group of DMAP 
over the oxazolone Z-carbon rather than 
the carbonyl fragmlnt. Its stabijization 
is V' - 0.131 (a') + 0.165 (b') . Only if 
b' is enormous can the second orientation 
be favored. 
The conventional picture of base catalyzed 
methanolysis would assume base assistance 
by its accepatance of the methonal proton. 
The DMAP-cxazolo"e complex provides a" alt- 
ernative means of assistance to this react- 
ion. We consider the first approach of 
methanol to the complex to be guided by the 
interaction of the HOMO of the methanol 
(an oxygen lone pair) with the LlJMO of the 
complex, which is concentrated on the ox- 
azolone. This would permit approach of the 
lone pair to the carbonyl carbon or the 
exe-methylene carbon; this tendency would - 
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FIG. 2. HOMO and LUMO patterns 
and the preferred complex 
be reinforced by the electrostatic field due to the 
total pi charges; these carbons are least negative 
in charge and m"st attractive to the negatively 
charged oxygen atom in methanol. As approach gets 
closer, there will develop a substantial interact- 
ion between the complex's HOMO concentrated on the 
DMAP N-atoms and the O-H antibonding sigma MO. The 
effect would be to aid the detachment of the meth- 
anol proton as required in methanolysis, and trans- 
ferring it to the base DMAP. This rationalizes the 
very specific catalytic activity of DMAP in meth- 
SWlYSiS. 
DMAP is ineffective as a catalyst in the methanoly- 
sis of thiazolone (2, X = Sulfur). PM0 theory makes 
clear that the favorable HOMO-LlJMO matching between 
oxazolone and DMAP is substantially reduced in the 
thia-system. The special behavior of sulfur can be 
traced to.the participation of d-orbitals in the pi 
system. In the link C -S-C2 sulfur not only contri- 
butes a p-pi orbital w ich lh is a synnsetric link be- 
tween the carbons, but also a d-pi orbital which is 
a" anti-symmetric link. The extent of participation 
of d orbitals in sulfur bonding seems to be consid- 
erable only when the special symmetry of the d orb- 
itals is critical to the qualitative nature of the 
bond. For example, Longuet-Higgins (1949) used the 
sulfur d orbitals long ago to rationalize the diff- 
erences between furan and thiophene in a" economic 
and convincing way. 
Incorporating d orbitals into a PM0 model requires 
s"me departure from routine practice. We choose a 
basis of p orbitals for thiazolone which we number 
1, 2. 4.... ; orbital 2 is a p-pi orbital on sulfur 
while orbital 3 is a sulfur d-pi orbital. The sul- 
fur d and p atomic orbitals do not intereact with 
one another; have different energies with d less 
stable; and interact differently with neighboring 
p osbitals, d less. Precise values of parameters 
reflecting these differences are not required for 
qualitative modeling. The picture is unaltered over 
a wide range of'reasonable choices; typical results 
are shown in Fig. 3. 
Experimental data is available only for the cyclo- 
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patterns for thiazolone 
propyl thiazolone rather than the exo-methylene 
system show". However cyclopropyland pi bonds 
are analogous, owing to a pi-symmetry Walsh orb- 
ital in the cyclopropyl fragment. Whether we 
consider this pi Walsh orbital to be identical 
to a" ethylene pi bond, or withdraw it almost 
completely from the pi system, the system shows 
very persistent HOMOILUMO structure. 
The energy levels for the thiazolone show a marked 
contrast with the oxazolone levels. Corresponding 
to the LIJMO of oxazolone lying at -0.50 the thi- 
azolone has a similar vacant LDMO-2 at -0.76; the 
elevation of the energy of this MO reduces its 
interaction with the DMAP HOMO. In addition there 
appears a new very lar-lying LDMO-1 which does 
not match the DMAP HOMO pattern of signs, and so 
would not favor formation of a complex with DMAP. 
Aromatic bases such as DMAP accelerate E-Z inter- 
conversion at the exo-methylene, while stronger 
aliphatic bases aremuch less effective. The PM0 
model gives a clue why aliphatic amines are not 
so effective as aromatic bases. Fig. 4 shows a" 
approach to the z-methylene by a base; we assume 
the initial approach can be either charge-controll- 
ed (the exo-methylene is most positive according 
to the total pi charge) or guided by the inter- 
action of the base HOMO with the oxazolone LlJMO 
(which has a large amplitude on the E-methylene. 
Any nucleophile could attack this site; the angle 
of attack show" in the figure is not intended to 
be of any great significance. Later in the reaction 
after the exo-methylene has been substantially ro- - 
tated. we find a new possibility for stabilization 
of the reactive pair. But the stabilization is 
defined only for aromatic bases carrying a low- 
lying unoccupied MOs which may interact with the 
oxazolone HOMO. We show one of these for pyridine; 
b 
a 
FIG. 4. Catalysis of the E-Z 
Isomerlzation by Aromatic Bases 
a stabilizing interaction develops between the 
aromatic base, the oxazolone ring, and the E- 
methylene carbon. 
Any aromatic base will increase the E-Z isomerization 
rate by this mechanism. BUT DMAP accomplishes the 
process about 70X faster than does pyridine. Inspect- 
ing the arrangement of the complex show" in Fig. 2. 
we see that the DMAP complex forms at the expense 
of weakening the exe double bond; note the nodal 
lines cross the pibond. This weakening of the pi 
bond in the complex should ease its rotation and 
facilitate the E-Z interconversion. Pyridlne would 
not show similar effects since a large amplitude on 
the dimethyamino fragment is required for the com- 
plex to be stabilized. 
PM0 MODELING: CASE II. ISOBENZOFDRAN ANALOGIES 
Isobenzofuran is a molecule with considerable the- 
oretical and experimental importance (Walters, 1984). 
The PM0 model can provide some insight into why 
isobenzofuran (Fig. 5a) is so different from benzo- 
furan (b) and the hydrocarbon analog "aphthalenide 
anion (c). The chemical question is whether the 
molecule is best considered to be like (1) furan 
with a butadiene fragment nearby (d); (2) e- 
xylylene with en oxygen atom nearby (e); (3) ben- 
zene with a" oxallyl fragment nearby (f); or (4) 
oxa-cyclononatetraene (g). Such analogic questions 
are far more meaningful to a chemist than the list 
of elgenvalues and eigenvectors which are the re- 
sult of typical numerical modeling wichin the mole- 
FIG. 5. Structures for Discussion 
of Isobenzofuran Analogies 
alar orbital theory. With a" unequivocal answer 
to this question, the chemist could predict rel- 
ative stability and patterns of reactivity. The 
best MO calculations are not a proper basis for 
any such predictions. Analogy, which is such a 
tried and trusty tool in chemical reasoning, Is 
badly obscured in the bulk of numbers typical of 
MO calculetio". 
To compare alternative representations of isoben- 
zofusan we conducted a series of "fusion" calcu- 
lations. We begin with the fragments which we re- 
cognize within the molecule, and describe as a 
perturbation the interactions which join the frag- 
ments into the actual molecule. For example. we 
might wish to describe the isobenzofuran as a 
fusion of a" oxygen atom and the c-xylylene species. 
The orbitals for the oxygen atom and the xylylene 
are the starting point (the "basis") for the per- 
turbation calculation. Alternatively, one may fuse 
butadiene with furan, following the suggestion of 
Sardella. et. al. (1977) who described the nitro- -- 
ge" analog isoindole as a fusion of butadiene and 
pyrrole. Results of these two calculations are pre- 
sented in Table 2. 
We judge the validity of a fragment represenation 
by two criteria: first, how successfully the per- 
turbation theory beginning with fragment MO6 re- 
produces the full Huckel results; and second, how 
strong the mixing of the fragment MOs must be. If 
the mixing is very strong, the immediate resemb- 
lance between the fragments and the fused system 
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Xylylene 
-2.19 a 
-1.29 a 
-1.19 b 
-0.29 b 
io.29 a 
+1.19 a 
+1.29 b 
+2.19 b 
FUra” 
-1.62 a 
-1.30 b 
iO.62 a 
+l.OO b 
+2.30 b 
TABLE 2. Fusion Calculations 
o-atom 
+l.OO b 
Butadiene 
-1.62 a 
-0.62 b 
iO.62 a 
cl.62 b 
Fused Exact 
‘-2.19 -2.19 a 
-1.47 -1.47 b 
-1.29 -1.29 a 
-0.74’ -0.78 b 
+0.29 +0.29 a 
+1.03* +l.OO b 
+1.19 +1.19 a 
+l. 76* +1.78 b 
+2.41 +2.47 b 
Fused Exact 
-2.23* -2.19 a 
-1.43 -1.47b 
-1.33* -1.29 a 
-0.79 -0.78 b 
+0.33* io.29 a 
+1.00 +l.OO b 
+1.23* +1.19 a 
+1.91 +1.78 b 
+2.44 +2.47 
Error 
0.00. 
0.00‘ 
0.00 
0.04 
0.00 
0.03 
0.00 
-0.02 
-0.06 
Error 
0.04 
0.04 
-0.04 
-0.01 
-0.04 
0.00 
0.04 
0.13 
-0.03 
Notes on Table 2: The labels “a” and “b” refer to 
the symmetry or antisymmetry respectively of the 
MOs vith respect to the twofold axis passing through 
the oxygen atom. The label “*” means that owing to 
(near) degeneracy of certain energy levels the 
(quasi)degenerate perturbation theory was employed 
to arrive at these results. 
is lost. Since the properties of the fragments are 
not easily recognized in the fusion product. the 
fragment representation is not useful. 
Both tested fragment representations satisfied the 
first criterion. Both models can reproduce the 
exact Huckel results moderately well. The butadiene 
and furan model better represents the properties of 
the b-symmetry LIJMO, so would be superior in model- 
ing processes dominated by that MO. On the other 
hand the xylylene-oxygen model better describes 
the a-symmetry HOMO and would be superior for pro- 
cesses dominated by that HOMO as are the Diels- 
Alder reactions Walters (1984) investigated. But 
perhaps the major result of this exercise, apart 
from illustrating the unremarkable fact that dif- 
ferent fragment models of the same molecule may 
each be useful for different processes, is that 
each fusion model failed the second condition. Ow- 
ing to “ear degeneracies strong mixing of fragment 
orbitals occurred in each case. Ouasi-degenerate 
perturbation theory, which permits strong mixing 
of levels with nearly equal energy, was required 
to obtain reasonable results. It is fair to say 
that “One of the fusion models is a simple and 
reliable way to refer tu isobenzofuran, and that 
this species should be considered irreducible. 
THE STRUCTURAL FORMULA AS A NON-~RICAL MODEL 
So far we have show” two aspects of chemical reas- 
oning: (a) the stress on recognition of patterns 
rather than precise numerical description, and (b) 
the drive to represent properties of large systems 
as derivable from properties of persistent frag- 
ments. These features of the chemist’s way of mo- 
deling are epitomized in the structural formula. 
This invention expresses three major properties 
of the molecule: the atom count, the connectivity, 
and at least a part of the geometry of the species. 
The count of atoms can give some hint of persistent 
clusters, or “radicals” In the 19th century usage. 
The atom count is sufficient. with a consistent 
system of atomic masses. to make possible stoich- 
iometrlc calculations. But to the chemist the very 
names of the atoms summon up a flood of associations 
including perhsps the typical valency, local geo- 
metry, atomic radii, and the “electronegativity”. 
a qualitative guide to reactivity. 
After the atomic constitution of matter and its 
expression in the atom list, molecular topology 
is the major chemical property. Eve” the crudest 
structural diagram shows which atoms are connected. 
The connectivity reminds the chemist of further 
aspects of the molecular geumetry. By counting con- 
nections and recognizing the atoms being connected 
the chemist can pssign good estimates to the bond 
lengths. Most primary bond angles will also be 
known, with some special cases of mcxe global as- 
pects of the molecular form. Geometric isomerism 
specifies same distances between non-bonded atoms, 
for example. 
In our judgement the chemist knows so much about a 
molecule, or is reminded of so much information by 
the structural diagram, because her perception of 
the structure is accomplished by matching familiar 
fragments in the diagram vith a store of fundamental 
units, This way of recognizing structures and re- 
trieving vast amounts of information can be adapted 
to computer models of molecules. 
We have used the chemist’s sketch as the organiz- 
ing principle of a data structure in LISP (Trindle, 
1983, 1986). LISP has the flexibility needed to 
express en essentially non-numerical object In 
terms of lists. The molecule is, at least, a list 
of atoms. A numbering scheme assigns a” unique la- 
bel to each atom. In LISP any ATOM may be assigned 
PROPERTIES. Among these is a generic NAME (carbon, 
hydrogen) and one may add any purely atomic proper- 
ty such as a van der Waals radius or a ualency. 
The connectivity is expressed es a property of each 
atom, called NEIGHBOR; the neighbor list contains 
all the Information often written as the adjacency 
matrix. 
The heart of our molecular sketch interpreter is a 
collection of lists called FRAGMENTS. Each entry 
is a chemically significant cluster, and associated 
with the fragment is for example a full set of ln- 
teratomic distances. 
If many large fragments are matched as the system 
scans a provided molecular sketch, the system could 
retrieve many of the interatomic distances in the 
new molecule. Some would be undefined since they 
would not lie in any one fragment; but a crude est- 
imate can be found by use of the triangle rule. 
That is, the distance from point i tu point k must 
surely be no more than the sum of distances from 
I to j and j to k for any other point j. And the 
distance from I to k must not be less than the 
magnitude of the difference of distances from i to 
j and j to k. 
Given eve” this approximate knowledge of inter- 
atomic distances, one may recover the Cartesian 
coordinates most consistent with these estimates 
Of distances and the requirement that the points 
be situated in three-dimensional space. Crippen 
(1981) has show” that a factor analysis of the 
matrix of dot products of vectors from the cen- 
troid of the point set to each point will provide 
these Cartesian coordinates. 
In brief outline we have show” how the qualitative 
expression of structure familiar to the chemist 
can be translated by a computer to the very de- 
tailed and foreign numerical Cartesian coordinates 
which are the starting point for the most elaborate 
and powerful numerical modeling schemes in chemistry. 
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SUMMARY AND CONCLUSIONS 
Everyday reasoning in chemistry is qualitative and 
pictorial. In this report we have described-two 
ways to respond to the conflict between the in- 
creased power and subtlety of numerical models and 
their opacity to many potential users. First one 
may develop a kind of interpretarive metaphoric 
way of presenting the results of detailed calcula- 
tions. In the case of the PM0 theory, the metaphor 
is often powerful enough to solve problems even in 
the absence of more detailed calculations. 
Alternatively one may build methods of permitting 
the user to formulate questions in the most nat- 
ural language, and develop programs capable of in- 
terpreting the qualitative input in a more quant- 
itative way than is natural to the user. The 
sketchpad geometry program accepts the structural 
diagram, the natural medium of expression in 
chemistry, and produces Cartesian coordinates in 
a way that borrows from the chemist's fragment re- 
presentation of molecules and statistical ways of 
refining such estimates. In this way the program 
makes possible the use of complex MO programs 
without forcing the chemist out of a productive 
and familiar mode of thought. 
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